To identify transcription factors (TFs) involved in jasmonate (JA) signaling and plant defense, we screened 1,534 Arabidopsis (Arabidopsis thaliana) TFs by real-time quantitative reverse transcription-PCR for their altered transcript at 6 h following either methyl JA treatment or inoculation with the incompatible pathogen Alternaria brassicicola. We identified 134 TFs that showed a significant change in expression, including many APETALA2/ethylene response factor (AP2/ERF), MYB, WRKY, and NAC TF genes with unknown functions. Twenty TF genes were induced by both the pathogen and methyl JA and these included 10 members of the AP2/ERF TF family, primarily from the B1a and B3 subclusters. Functional analysis of the B1a TF AtERF4 revealed that AtERF4 acts as a novel negative regulator of JA-responsive defense gene expression and resistance to the necrotrophic fungal pathogen Fusarium oxysporum and antagonizes JA inhibition of root elongation. In contrast, functional analysis of the B3 TF AtERF2 showed that AtERF2 is a positive regulator of JA-responsive defense genes and resistance to F. oxysporum and enhances JA inhibition of root elongation. Our results suggest that plants coordinately express multiple repressor-and activator-type AP2/ERFs during pathogen challenge to modulate defense gene expression and disease resistance.
To identify transcription factors (TFs) involved in jasmonate (JA) signaling and plant defense, we screened 1,534 Arabidopsis (Arabidopsis thaliana) TFs by real-time quantitative reverse transcription-PCR for their altered transcript at 6 h following either methyl JA treatment or inoculation with the incompatible pathogen Alternaria brassicicola. We identified 134 TFs that showed a significant change in expression, including many APETALA2/ethylene response factor (AP2/ERF), MYB, WRKY, and NAC TF genes with unknown functions. Twenty TF genes were induced by both the pathogen and methyl JA and these included 10 members of the AP2/ERF TF family, primarily from the B1a and B3 subclusters. Functional analysis of the B1a TF AtERF4 revealed that AtERF4 acts as a novel negative regulator of JA-responsive defense gene expression and resistance to the necrotrophic fungal pathogen Fusarium oxysporum and antagonizes JA inhibition of root elongation. In contrast, functional analysis of the B3 TF AtERF2 showed that AtERF2 is a positive regulator of JA-responsive defense genes and resistance to F. oxysporum and enhances JA inhibition of root elongation. Our results suggest that plants coordinately express multiple repressor-and activator-type AP2/ERFs during pathogen challenge to modulate defense gene expression and disease resistance.
Plants grown in the natural environment are continually exposed to a variety of potential pathogens without becoming diseased. This is because plants can recognize and respond to pathogenic organisms and activate multiple defenses, including the production of diverse antimicrobial metabolites and proteins. The key to understanding plant defense responses lies in the elucidation of the signaling pathways involved in their regulation. A large amount of research has identified several important defense-signaling pathways regulated by low-molecular weight signal molecules, such as salicylic acid (SA), jasmonic acid (JA), abscisic acid (ABA), and ethylene (ETH). In the model plant Arabidopsis (Arabidopsis thaliana), it has been proposed that the SA pathway primarily regulates resistance to biotrophic pathogens, as mutants defective in SA biosynthesis or signaling show increased susceptibility to pathogens such as Peronospora parasitica, Erysiphe cichoracearum, and Pseudomonas syringae McDowell et al., 2000; Lu et al., 2001; Liu et al., 2005) . In addition, transgenic plants overexpressing the NPR1 gene, a positive regulator of a subset of SA responses, showed increased resistance to biotrophic pathogens (Cao et al., 1998) . Conversely, jasmonate (JA) and ETH signaling has been proposed to be more effective against necrotrophic pathogens such as Botrytis cinerea, Pythium irregulare, Plectosphaerella cucumerina, and Fusarium oxysporum. Arabidopsis mutants that are unable to activate JA-dependent defense gene expression showed compromised resistance to necrotrophic fungal pathogens (Staswick et al., 1998; Thomma et al., 1998) , and plants that overexpress transcription factors (TFs) involved in the ETH and JA pathways show an increased resistance to several necrotrophs (Berrocal-Lobo et al., 2002; Berrocal-Lobo and Molina, 2004) .
In pathogen-challenged plants, a complex cross-talk among the various defense-signaling pathways occurs, resulting in the activation of the most appropriate defense responses for the type of threat. For instance, mutually antagonistic interactions between the SA and JA pathways, as well as between the JA/ETH and ABA pathways, act to fine tune plant defense responses (Spoel et al., 2003; Anderson et al., 2004; Takahashi et al., 2004; Kariola et al., 2005) . However, the antagonistic nature of these pathways is not absolute, and many plant defense genes show coordinated induction patterns utilizing multiple signaling pathways during the defense responses (Schenk et al., 2000; Campbell et al., 2003) .
TFs are believed to play a crucial role in the transmission of pathogen-derived defense signals to either activate or suppress downstream defense gene expression as well as in the regulation of cross-talk between different signaling pathways (Lorenzo et al., 2003; Anderson et al., 2004) . The Arabidopsis genome contains more than 1,500 TFs (Ratcliffe and Riechmann, 2002) , and, within this large group of TFs, several gene families that share similarity in their binding domains exist. Virtually every major TF gene family harbors members that have been implicated in some aspect of plant defense (for review, see Singh et al., 2002) . Examples of these include the APETALA2/ethylene response factors (AP2/ERFs; Solano et al., 1998 ), WRKYs (Dong et al., 2003 , MYBs (Vailleau et al., 2002; Mengiste et al., 2003) , NACs (Delessert et al., 2005) , and basic helix-loop-helices (Anderson et al., 2004; Lorenzo et al., 2004) , as well as the recently described whirlydomain TFs (Desveaux et al., 2004) . In many instances, genes encoding TFs that are involved in plant defense signaling are also transcriptionally regulated by pathogen challenge and treatment with defense elicitors. Examples of these are the JA-activated ERF1 and AtMYC2 TFs that regulate JA responses (Anderson et al., 2004; Lorenzo et al., 2004 ). This suggests that a possible strategy to identify TFs with roles in plant defense may be to first identify TF genes that show altered transcript levels during the early stages of the defense response, followed by a more focused functional analysis of these candidate genes.
With the advent of genomic technologies, it is possible to analyze the expression of a large number of Arabidopsis genes, including many TF genes, in parallel (Chen et al., 2002; Zimmerli et al., 2004) . However, hybridization-based assays may not be very suitable for the measurement of small, but biologically significant, changes in the low-abundance transcripts, such as those of many TFs. Reverse transcription (RT)-quantitative (Q)-PCR is known to be more sensitive than hybridization-based methods for the quantification of low-abundance transcripts (Horak and Snyder, 2002) . Although RT-Q-PCR is often utilized for validating and extending the results of microarray experiments (Schenk et al., 2003) , until recently the use of this technique for large-scale gene expression analyses has been limited. In an attempt to overcome the problems associated with array-based methods of expression analysis, Czechowski et al. (2004) developed a genomewide RT-Q-PCR-based resource for quantitative measurements of transcripts of 1,465 Arabidopsis TF genes. In these experiments, RT-Q-PCR profiling of TF gene expression successfully identified a substantial number of novel root-and shoot-specific TF genes. The same resource was also used in combination with array-based methods to identify processes affected by long-term nitrogen deprivation or short-term nitrate nutrition in Arabidopsis (Scheible et al., 2004) . To date, this resource has not been applied to the analysis of defense-associated TF genes in Arabidopsis.
We report here the screening of the 1,534-member TF complement of Arabidopsis during defense responses triggered by either the incompatible necrotrophic pathogen Alternaria brassicicola or the signaling compound methyl jasmonate (MeJA) as a means of identifying TFs involved in the JA-regulated biotic defense-signaling pathway. The sensitive RT-Q-PCR screen initially developed by Czechowski et al. (2004) identified several TF genes that have not been previously implicated in plant defense, and particularly demonstrated that the AP2/ ERF family of TF genes predominated among the spectrum of gene families activated by both MeJA and pathogen challenge. Functional characterization of two MeJA-and A. brassicicola-responsive AP2/ERF TF genes by insertional inactivation and/or constitutive overexpression demonstrated roles for these genes as negative or positive regulators of resistance to the necrotrophic fungal pathogen F. oxysporum as well as defense gene expression and MeJA sensitivity. These results suggest that the extent of the JA-activated defense response is modulated by the coordinated expression of both repressor-and activator-type AP2/ERF TF genes. To identify TF genes with potential roles in JA signaling and defense against necrotrophic pathogens, we undertook a global screen of Arabidopsis TF genes by RT-Q-PCR following either challenge by A. brassicicola or treatment with MeJA. Three independent replicate experiments were performed, and the samples were used to produce the cDNA used in RT-Q-PCR analysis of the expression of 1,534 known or putative Arabidopsis TF genes, using an updated version of the specific primer set devised and used by Czechowski et al. (2004) . The complete dataset from these experiments is available as Supplemental Table I . A total of 134 genes, representing approximately 9% of the estimated Arabidopsis TF suite, showed a significant (P , 0.05) and 2-fold or greater change in expression at 6 h following exposure to either MeJA or A. brassicicola. The number of TFs showing altered expression following treatment was similar for both MeJA (75 TF genes) and A. brassicicola (84 TF genes). Classification of the inducible TF genes into their respective families revealed that the AP2/ERF, MYB, WRKY, and NAC TF families showed the greatest number of inducible members. A total of 24 genes showed coregulation by both treatments, and 20 of these genes were induced by both treatments with the remaining four repressed. Interestingly, members of the AP2/ERF TF family showed the highest number of coregulated genes, with 10 members (7% of total AP2/ERFs) being significantly induced by both MeJA and A. brassicicola, sug-gesting that this family of TFs may play a particularly important role in the regulation of JA-dependent defense response pathways. We further focused only on the 10 AP2/ERF genes that were significantly induced following 6-h exposure to both MeJA and A. brassicicola. We performed three further independent timecourse experiments and assayed gene expression at 1, 3, 6, and 24 h after either inoculation with A. brassicicola or exposure to MeJA. In these experiments, all 10 of the 10 AP2/ERFs identified in the initial screen were significantly (P , 0.05) induced more than 2-fold (Table I) following both treatments.
AP2 Domain Sequence Similarity of JA-and Pathogen-Responsive AP2/ERFs
A sequence similarity analysis of the AP2/ERF gene family conducted using the 59 to 60 amino acids of the conserved AP2 domain (Pfam, PF00847; Bateman et al., 2004) showed that the AP2/ERF genes that are coinduced by MeJA and A. brassicicola form distinct groups within the B3 and B1a clusters of the gene family ( Fig.  1) . Seven of the 10 MeJA-and pathogen-regulated ERFs are located within the B3 subcluster, which includes TFs such as ERF1 and AtERF2, which have been shown to act as positive regulators of defense-related transcription (Solano et al., 1998; Brown et al., 2003) . Additionally, two more genes within this cluster, AtERF14 and AtERF15, were previously reported to be responsive to the bacterial pathogen P. syringae (OnateSanchez and . Subsequently, we analyzed all 17 members of the B3 subcluster in the full timecourse experiments that showed that the expression of each gene was significantly altered more than 2-fold by either MeJA or A. brassicicola in at least one of the time points analyzed, with the exception of At4g18450 (data not shown).
A cluster of eight genes within the B1 subcluster included two genes that also showed altered expression from the treatments, and we have termed this the B1a cluster (Fig. 1 ). These genes all contain a sequence that encodes for a protein motif identified as the ERFassociated amphiphilic repression (EAR) motif (Ohta et al., 2001 ), which has previously been shown to function as an active repressor of transcription (Fujimoto et al., 2000; Hiratsu et al., 2003) . Full time-course analysis of the MeJA and A. brassicicola inducibility of the remaining members of the B1 cluster failed to reveal any significant change in their expression (data not shown). The other AP2/ERF (At1g33760) identified in the initial screen was located in the drought-responsive element-binding subfamily ( Fig. 1) , members of which are typically involved in drought and cold stress (Liu et al., 1998) , and this suggests a potential interaction point between biotic and abiotic stress signaling.
It would be expected that coregulated genes would share similar regulatory motifs in their promoter regions. Surprisingly, a search of the 1-kb region upstream of the coregulated AP2/ERFs using commonly available motif-scanning software (Toufighi et al., 2005) failed to reveal motifs that were significantly enriched in our inducible gene set compared with a random sample of Arabidopsis promoters. Despite this, the identification of the B3 ERFs as potential activators in this study is consistent with the proposal of Gutterson and Reuber (2004) that these genes play important roles in plant defense, although an increased disease resistance phenotype has so far only been demonstrated for ERF1 (Berrocal-Lobo and Molina, 2004) . Importantly, direct involvement of the B1a subcluster containing potential repressor-type AP2/ERFs in plant defense has not been previously reported in Arabidopsis.
AtERF4 Negatively Regulates JA-Responsive Expression of PDF1.2 and Disease Resistance
To test for a role of the B1a-type TF, AtERF4, in defense gene regulation and disease resistance, we analyzed Arabidopsis plants constitutively expressing AtERF4 under the control of the cauliflower mosaic Table I . Effect of A. brassicicola inoculation and MeJA treatment on the expression of AP2/ERF genes Results obtained in the initial genome-wide RT-Q-PCR screen were verified in a secondary independent time-course expression analysis for each ERF/AP2 gene initially identified as differentially expressed at 6 h after either MeJA treatment or fungal inoculation. Ab, A. brassicicola. Values shown indicate average relative expression ratio to control (data from three independent experiments for both initial screening and secondary time course). Bold text indicates statistically significant induction (P , 0.05). virus 35S promoter. RT-Q-PCR analysis of homozygous 35S:AtERF4 lines revealed between 3-and 10-fold increases in AtERF4 transcript levels relative to wildtype plants ( Fig. 2A) . In addition, we examined the expression of two defense-associated genes, PDF1.2 and CHIB. Both genes are known to contain a GCC-box motif in their promoters (imperfect in the case of CHIB), and are regulated by the JA pathway Anderson et al., 2004) . In AtERF4-overexpressing plants, basal (e.g. not induced by MeJA) transcript levels of PDF1.2 and CHIB remained at levels similar to those observed in wild-type plants (data not shown). However, treatment of AtERF4-overexpressing plants with MeJA resulted in PDF1.2 induction ratios that were 2.7-and 10-fold lower than those observed in MeJA-treated wild-type plants ( Fig. 2A) . Interestingly, we did not observe any significant change in the induction profile of CHIB between MeJA-treated wildtype and AtERF4-overexpressing lines. These results suggest that AtERF4 negatively regulates the MeJAresponsive expression of PDF1.2 preferentially to that of CHIB.
To further examine the role of AtERF4 as a negative regulator of PDF1.2, we studied PDF1.2 and CHIB basal transcript levels in untreated plants of an Arabidopsis line containing a homozygous T-DNA insertion in the coding region of AtERF4 (termed erf4-1). The T-DNA insertion in erf4-1 truncates the EAR domain that is necessary for repressor activity. RT-Q-PCR analysis of these plants using primers designed to amplify the native AtERF4 transcript detected very low levels in the erf4-1 mutant (Fig. 3A) . As expected from a negative regulator, we found a more than 30-fold increase in PDF1.2 basal transcript levels in untreated erf4-1 plants compared to those in untreated wild-type plants, whereas CHIB levels remain unchanged (Fig. 3A) . These results further suggest that AtERF4 acts as a negative regulator of PDF1.2 expression.
To test whether AtERF4 is involved in regulating disease resistance, AtERF4-overexpressing lines and erf4-1 mutant plants were inoculated with the pathogen F. oxysporum, and disease development was followed over 15 d and compared to that in similarly inoculated wild-type plants. F. oxysporum was used in these assays because it is a compatible pathogen of Arabidopsis (Anderson et al., 2004) . In addition, F. oxysporum was shown to induce AtERF4 expression in wild-type Arabidopsis plants (Fig. 4A) . No phenotypic differences were observed between the ecotype Columbia (Col-0), 35S:AtERF4 lines, and erf4-1 under normal growing conditions. However, when inoculated with F. oxysporum, we found that only 5% of inoculated wild-type plants showed disease symptoms 3 d after treatment, whereas the percentage of Figure 1 . Phylogenetic tree of the AP2/ERF TF family formed by sequence analysis of 155 Arabidopsis AP2 domains. Bar equals 0.2 substitutions per site. TFs induced by both A. brassicicola and MeJA indicated by squares (n). Thirteen AP2/ERFs contain two AP2 domains and these genes were named as locus number 1 or 2 (e.g. At1g78080-1 and At1g78080-2; see A6 subcluster).
both AtERF4-overexpressing lines displaying disease symptoms was approximately 40% (P , 0.05; Fig. 2B ). The difference in F. oxysporum resistance between the transgenic and Col-0 lines was visually apparent, with the 35S:AtERF4 lines showing postinoculation stunting and disease symptoms typical of F. oxysporum infection (Fig. 2C) . Complementing these data, the percentage of plants of the erf4-1 mutant that displayed typical disease symptoms 8 d after treatment was approximately 57% of total plants, which was markedly reduced (P , 0.05) from that of wild-type plants in which 85% of plants displayed symptoms (Fig. 3B) . Together, these results indicate that AtERF4 is a negative regulator of resistance to necrotrophic pathogens.
AtERF4 Negatively Regulates Root Sensitivity to JA
To determine whether AtERF4 functions as a negative regulator of other JA-related responses, we germinated seeds from Col-0, 35S:AtERF4 lines, and the erf4-1 mutant in the presence or absence of MeJA. We found that root elongation in the presence of MeJA was significantly enhanced by 15% to 50% in 35S:AtERF4 lines, while significantly reduced by 50% in the erf4-1 mutant when compared to wild-type plants (Fig. 5, A  and B) . These results further support the notion that AtERF4 negatively regulates JA-dependent responses in Arabidopsis.
AtERF2 Functions as a Positive Regulator of Disease Resistance and JA-Dependent Responses
To test whether JA-and pathogen-inducible members of the B3 subcluster of AP2/ERF genes identified here may have a role in disease resistance, we analyzed the effect of overexpression of AtERF2 on resistance to F. oxysporum. AtERF2 was identified here as inducible by both A. brassicicola and MeJA, supporting previous results showing its induction by MeJA, ETH, wounding, and P. syringae inoculation (Chen et al., 2002; Brown et al., 2003) . In addition, AtERF2 has previously been implicated in the regulation of PDF1.2 and CHIB (Brown et al., 2003) , but a role in disease resistance has not been demonstrated.
Analysis of three independent homozygous lines transformed with a 35S:AtERF2 construct showed a 70-to 350-fold increase in AtERF2 expression over wild type in these lines (Fig. 6A) . Correspondingly, transcript levels of PDF1.2 were elevated between 28-and 310-fold that of wild-type plants. In addition, CHIB was shown to be elevated in the AtERF2-overexpressing lines but only between 1.5-and 4-fold. These results confirm the function of AtERF2 as a positive regulator of defense gene expression (Brown et al., 2003) . In addition, AtERF2 expression was observed to increase following inoculation with F. oxysporum (Fig. 4B) . For each of the AtERF2-overexpressing lines, we observed a significant reduction in the development of disease symptoms in independent inoculation experiments. Six days following inoculation with F. oxysporum, 30% of wild-type plants showed symptoms of infection, whereas only between 1.5% and 7.5% of plants from AtERF2-overexpressing lines were symptomatic (Fig.  6, B and C) .
The AtERF2-overexpressing lines were also analyzed for MeJA-dependent root elongation inhibition. We found that AtERF2-overexpressing lines showed increased sensitivity to MeJA, with the highest expressing line showing complete inhibition of root elongation by MeJA (Fig. 5, A and B) . These results support the function of AtERF2 as a positive regulator of MeJA responses, including plant defense gene expression (Brown et al., 2003) and disease resistance, and, taken together with previous work on ERF1 (Berrocal-Lobo et al., 2002; Lorenzo et al., 2003) , suggest that multiple activator-type AP2/ERF genes in the B3 subcluster have regulatory roles in disease resistance.
DISCUSSION
In this article, we describe the screening of the entire Arabidopsis TF transcriptome for altered expression following treatment with the defense-signaling regulator MeJA and the incompatible pathogen A. brassicicola using RT-Q-PCR. This analysis identified many novel TF genes as candidates for further functional studies. We demonstrated the utility of this approach by characterizing functions of two AP2/ERFs in JA signaling and plant defense. These studies showed that multiple AP2/ERF genes, including both activator and repressor types, are induced during the plant defense response and that both of these types of AP2/ERFs have important functions in regulating disease resistance.
A Repressor-Type AP2/ERF Regulates Disease Resistance in Arabidopsis
In contrast to the activator-type ERF TFs located in the B3 subcluster, in planta functional roles of repressortype ERFs from the B1a subcluster have not been described previously. Here we demonstrated that the erf4-1 mutant was more resistant to F. oxysporum, while transgenic lines overexpressing AtERF4 were more susceptible, and therefore AtERF4 negatively regulates resistance to this necrotrophic pathogen. Overexpression of AtERF4 had no effect on basal PDF1.2 transcript levels in untreated plants, but, following MeJA treatment, the AtERF4-overexpressing lines showed significantly lower induction of PDF1.2 than that observed in MeJA-treated wild-type plants ( Fig.  2A) and reduced sensitivity to JA inhibition of root elongation (Fig. 5A) . The role of AtERF4 as a repressor of JA-dependent plant responses was further strengthened by the increased PDF1.2 levels observed in the erf4-1 mutant as well as the increased sensitivity of root growth to MeJA. The AtERF4 protein has previously been shown to bind to the GCC-box motif and act as an active repressor of transcription in vitro (Fujimoto et al., 2000) . This GCC-box motif is essential for MeJA induction of PDF1.2 (Brown et al., 2003) . Therefore, our results provide in planta evidence to support the notion that AtERF4 is an active repressor of GCC-box-mediated transcription.
During review of this article, Yang et al. (2005) reported that AtERF4 acts as a repressor of transcription in transient assays. In addition, these authors demonstrated that overexpression of an AtERF4::GFP fusion construct acts as a repressor of both ETH and ABA responses in Arabidopsis. AtERF4::GFP is localized to nuclear bodies within the nucleus, suggesting that protein degradation could be a potential mechanism in the regulation of gene expression by this TF (Yang et al., 2005) .
The role of AtERF4 in the negative regulation of JAresponsive defense gene expression and disease resistance is also reminiscent of the role of the recently characterized NIMIN1, which also contains the EAR motif and negatively regulates SA-responsive defense gene expression (Weigel et al., 2005) . The role of pathogen-inducible repressor-type TFs may be to regulate the activation of plant defense responses in a finely controlled manner in coordination with other cellular processes. Negative regulators may also be necessary to modulate antagonistic interactions between signaling pathways. To this end, a possible function for AtERF4 is to mediate antagonistic interactions between SA-and JA-signaling pathways (Schenk et al., 2000; Spoel et al., 2003) . It is plausible that SA suppression of the JA inducibility of PDF1.2 is partly mediated by AtERF4. Our initial experiments have shown SA inducibility of AtERF4. Previously, AtWRKY70 has been implicated in regulating the SA-mediated suppression of PDF1.2, acting downstream of NPR1 (Li et al., 2004) . However, the absence of any W-box in the PDF1.2 promoter argues against a direct suppression of PDF1.2 by AtWRKY70. In contrast, the AtERF4 promoter contains five putative W-boxes (core motif TGAC) in the 1-kb region upstream of the start codon, suggesting the potential for WRKY factors such as AtWRKY70 to play some role in its regulation. The hypothesis that AtERF4 acts downstream from NPR1 and AtWRKY70 in SAmediated suppression of JA-inducible PDF1.2 expression is currently being tested in our laboratory. The inducibility of AtERF4 by ABA (Yang et al., 2005 ) also indicates the possibility that AtERF4 plays an integral role in both biotic and abiotic signaling pathways and may be responsible for regulating the antagonism between them (Anderson et al., 2004) .
The repression-associated EAR motif found in AtERF4 [consensus sequence L / F DLN L / F (x)P] was first identified in the C-terminal region of the class II ERFs (e.g. NtERF3, AtERF3, and AtERF4) and TFIIIA-type zinc finger proteins (e.g. ZAT10 and ZAT11). More recently, NIMIN1 (Weigel et al., 2005) and HSI proteins (Tsukagoshi et al., 2005) have also been shown to contain the EAR motif in their C-terminal region. Furthermore, the repression domains in Aux/indole acetic acid (IAA)-responsive IAA proteins (e.g. IAA17) contain an EAR-like motif [L(x)L(x)L; Tiwari et al., 2004] . Although the mechanism by which EAR or EARlike motifs inhibit transcription is currently unknown, these class II ERFs were shown to down-regulate both basal transcription levels of a reporter gene as well as the transactivation activity of other TFs (Ohta et al., 2001) . The presence of this motif across a range of TF families suggests it is a distinct regulatory motif utilized in the repression of a number of genes in different signaling pathways.
Members of the B3 Subcluster of AP2/ERFs Share Similar Functions
In addition to the seven members of the AP2/ERF B3 subcluster that were identified as being both MeJA and A. brassicicola inducible by the screening process, we also established that nine of the remaining 10 members of the B3 subcluster were significantly altered by one of these treatments in at least one of the time points analyzed here. This implicates almost every member of the B3 subgroup of AP2/ERF genes in defense responses in Arabidopsis. The B3 subcluster contains ERF1, which is known to provide enhanced disease resistance when overexpressed in transgenic plants, including resistance to F. oxysporum (BerrocalLobo et al., 2002; Berrocal-Lobo and Molina, 2004) . Our results show that another B3 gene of Arabidopsis, AtERF2, can also result in increased resistance to F. oxysporum when overexpressed.
The shared function of B3-like TFs is evident from studies of orthologs from other species. For example, overexpression of Pti4 and Pti5, AP2/ERF TFs from tomato (Lycopersicon esculentum) that show substantial similarity within their AP2 domain to B3 ERFs, also induced defense genes and provided resistance to Erysiphe orontii and P. syringae when overexpressed in transgenic Arabidopsis (He et al., 2001; Gu et al., 2002) . Transgenic tobacco (Nicotiana tabacum) plants overexpressing NtERF5, a wound-and pathogen-responsive tobacco gene related to ERF1, showed enhanced resistance to Tobacco mosaic virus (Fischer and Drö ge-Laser, 2004) . These results are consistent with the view that diverse B3-like TFs, both within Arabidopsis and in other species, have conserved functions in activating plant defenses. It must be noted, however, that the effects from overexpression studies could be the result of nonspecific activation of GCC-box-containing genes due to elevated levels of the overexpressed TFs. Further studies using gene silencing or insertional inactivation (such as that shown here for AtERF4) techniques would allow more specific conclusions to be made about the functions of these genes.
The effects on disease resistance through the activation of JA-responsive defense genes suggest that substantial functional redundancy may exist in the B3 subcluster of genes. Previously, ERF1 was shown to integrate signals from both JA and ET signaling, as mutations in either pathway (i.e. coi1 and ein3) abolish JA-and ET-inducible expression of ERF1 (Lorenzo et al., 2003) . Interestingly, through searching a publicly available DNA chip database (Zimmermann et al., 2004) , we found that, similar to ERF1, expression of AtERF2 was abolished in the coi1 and ein3 mutants. Furthermore, overexpression of AtERF2 increases sensitivity to JA as measured by root inhibition assays (Fig. 5, A and B) , which is also observed in plants overexpressing ERF1 (Lorenzo et al., 2003) . This suggests that the expression of both genes is regulated by the same upstream signaling pathways and that both genes activate the same or overlapping patterns of downstream gene expression. It is possible, however, that a certain hierarchy may exist in the signaling pathway leading to the induction of these and other AP2/ERF genes in response to pathogen attack, and that some B3 AP2/ERFs act as the activators of others. In addition, variations in the binding affinities of ERF1 and AtERF2 to different GCC-box motifs (Fujimoto et al., 2000) may allow for some degree of target gene specificity.
Coordination of AP2/ERF Gene Expression Is a Key Aspect of the Plant Defense Response
The coordinated induction of both activator-and repressor-type AP2/ERFs may at first seem to be paradoxical, considering that B3 activators, such as ERF1 and AtERF2, and the B1a repressors, such as AtERF4, most probably compete for the same binding site (i.e. GCC-box). It is not known how the expression and interaction of opposing regulators is coordinated to regulate the wide spectrum of downstream defense genes that are induced by MeJA or pathogen challenge. In tobacco, ETH and fungal elicitors similarly induce expression from both activator-and repressor-type AP2/ERFs (Ohme-Takagi and Shinshi, 1995; Yamamoto et al., 1999) . It is possible that the repressor activity of TFs might be down-regulated at a posttranscriptional level, such as the control of protein stability. Supporting this view, an interaction between a repressor-type AP2/ERF (ERF3) and the ubiquitin-conjugating enzyme NtUBC2 has recently been identified in tobacco . Therefore, it would be interesting to examine the repressor-and activator-type AP2/ ERFs at the protein level, not only to correlate transcript expression with protein abundance but also to test for the possibility of posttranscriptional regulation. Studies at the protein level could also investigate whether the multiple activators and repressors differ in their binding affinities for the GCC-box motif. The preferential binding affinities that some ERF members display for mutant GCC-box motifs has already been analyzed in vitro (Fujimoto et al., 2000) .
To summarize, in this study, we undertook a global analysis of TF gene expression to identify candidate genes that may regulate disease resistance. Our functional analysis of selected AP2/ERF genes has highlighted the value of this approach, demonstrating roles for both repressor-and activator-type ERFs in disease resistance and JA signaling. Additionally, several genes identified in our initial screen have also previously been implicated in plant defense (BerrocalLobo et al., 2002; Chen and Chen, 2002; Brown et al., 2003; Dong et al., 2003) , while many other inducible genes (Supplemental Table I) do not yet have known functions. Further work on these candidate TF genes is likely to reveal other new aspects of the regulation of plant defense and related signaling pathways.
MATERIALS AND METHODS

Plant Growth Conditions, Chemical Treatments, and Pathogen Inoculations
Plant growth conditions, fungal inoculations, and chemical treatments were described previously (Schenk et al., 2000; Campbell et al., 2003; Anderson et al., 2004) . Tissue samples were taken after the required times by removing the entire above-ground plant and stored at 280°C.
RT-Q-PCR Analysis
Initial RT-Q-PCR of the 6-h cDNA samples was carried out according to Czechowski et al. (2004) , with the primer sequences of the original and additional genes available in Supplemental Table I. All subsequent RT-Q-PCR analysis used for the follow-up time-course experiments was performed at the CSIRO, Brisbane. The RT-Q-PCR parameters used in the initial screening were replicated.
For all data analysis, the PCR primer efficiency (E value) of each primer pair in each individual reaction was calculated from the DR n values of each amplification plot using linear regression analysis. The primer efficiencies for each gene were averaged across all samples, except those that showed primer efficiency values with an R 2 value of less than 0.999, which were ignored.
Amplification plots were analyzed using an R n threshold of 0.3 to give a cycle threshold value for each gene-cDNA combination. Absolute gene expression levels relative to the housekeeping gene actin-2 (At3g18780) were calculated for each cDNA sample using the equation: relative ratio gene/actin 5 (E gene 2(Ct gene))/ (E actin-2 2(Ct actin-2)). The values of the three control and three treated samples were used in a Student's t test to calculate probabilities of distinct induction or repression, and the average ratio of these values was used to determine the fold change in transcript level in treatment samples compared with control.
Sequence Analysis of 155 Arabidopsis AP2 Domains
The amino acid sequences of the AP2 domains (defined by PF00847) were obtained from the genome repository of the Pfam database (Bateman et al., 2004) . All sequences were aligned to the AP2 protein family hidden Markov model using hmmalign of the HMMER software package (Eddy, 1998) . Neighbor-joining trees of 1,000 bootstrapped samples were constructed (Kimura distance correction method, including gaps). Nomenclature of the AP2/ERF clustering was done according to Sakuma et al. (2002) .
Characterization of the erf4-1 Mutant
The location of the T-DNA insertion in the AtERF4 gene (SALK_073394) was verified by using a nested PCR approach (Alonso et al., 2003) , and homozygous plants were used in all subsequent experiments.
Construction of the Binary Vectors and Plant Transformation
The construction of the AtERF2 (At5g47220) overexpression construct has been described previously (Brown et al., 2003) . The AtERF4 gene (At3g15210; also known as RAP2.5) of Arabidopsis (Arabidopsis thaliana) was PCR amplified from the Col-0 ecotype using the primers AtERF4-F (5#-CGA-GAATGGCCAAGATGGGC-3#) and AtERF4-R (5#-GCTCAGGCCTGTTCC-GATGG-3#). The amplification product for each gene was cloned into the binary vector pKEN containing Basta resistance in the T-DNA region (Brown et al., 2003) . The recombinant plasmid was transformed into Agrobacterium tumefaciens (strain AGL-1) cells containing the pSoup plasmid (Hellens et al., 2000) . Arabidopsis Col-0 plants were transformed using the floral-dip transformation procedure. The transgenic plants were selected based on their resistance to Basta. Segregation analysis of the resulting T 1 generation using Basta selection allowed for selection of homozygous T 2 lines.
RT-Q-PCR Analysis of Gene Expression in erf4-1 and AtERF2-and AtERF4-Overexpressing Lines cDNAs obtained from untreated or MeJA-treated wild-type and transgenic plants were used in quantification of gene expression. Three independent samples of each control and transgenic line were taken and analyzed. The RT-Q-PCR reaction, as well as the primer sequences for AtERF2, PDF1.2 (At5g44420), and CHIB (At3g12500), and the internal standardization and calculations were performed as described previously (Brown et al., 2003) . The primers used to detect transcript levels of AtERF4 were 5#-GACTCT-GATTCGTCATCGGTCG-3# and 5#-AGGCCTGTTCCGATGGAGG-3#.
Fusarium oxysporum Disease Assays
Wild-type and transgenic Arabidopsis (Col-0) plants were grown in soil to the eight-to 10-leaf stage. Inoculation with F. oxysporum was carried out as described by Campbell et al. (2003) . Disease development was observed over the following 15 d. Inoculated plants were scored based on the presence or absence of any disease symptoms, including reduced growth or wilting, chlorosis of the leaf vasculature, curling and necrosis of the leaves, or collapse of the petioles. For each of the wild-type and transgenic plant lines, four biological replicates were performed in parallel, with each replicate containing between 24 and 36 plants. In addition, the entire experiment was repeated for confirmation of the original results.
